ABSTRACT
INTRODUCTION
Human color vision is mediated by photoreceptors in the cone cells of the retina that absorb light in the short, medium or long wavelength regions of the visible spectrum (10, 15, 20) . These pigments capture quanta of light that initiate a signal transduction cascade that produces color vision under ambient lighting conditions. The genes that encode the pigments in the middle (green) and long (red) wavelength range are encoded in a tandem array on the X chromosome (16, 17, 23) . The high degree of sequence homology between the red and green genes has led to unequal recombination, with the formation of fusion or hybrid genes. A fusion gene may encode an amino acid sequence that alters the spectral tuning of the encoded pigment so that its absorbance maximum is shifted toward the pigment of the other type (1, 13, 14, 19) . Individuals who have such genes may perceive color differently from other members of the population and may even have color vision deficiencies (16, 18) .
Cone opsins are thought to be expressed at lower levels in the retina than rhodopsin. As a result, methods have not been developed to purify cone opsins from cadaveric retinas. Instead, the cone opsins have been studied in cells that have been transfected transiently with plasmids that express the opsin cDNA under the control of a heterologous promoter (14, 20) . Studies about the biochemistry of the cone opsin proteins have been confined to identifying the residues that are critical to spectral tuning, because large amounts of purified material are not required for performing the analyses. Such analyses are expensive and laborintensive, with each requiring a minimum of ten to twenty 100-mL plates.
Here we describe a system that provides for high-level, inducible expression of a functionally active human red cone opsin that can be used for biochemical studies. The opsin was expressed in 293-EBNA cell lines that had been stably transfected with pMEP4 β , a vector that contains a gene for hygromycin resistance and the human metallothionine II promoter. Induction by this promoter was controlled by the concentration of the heavy metals cadmium and zinc. Insertion of the sequence at the C-terminus of bovine rhodopsin enabled us to purify the cone opsin by immunoaffinity chromatography to measure spectral sensitivity (12, 20) . In addition, we could detect the expression of the cone opsin by Western blot, immunoprecipitation and immunofluorescence microscopy and demonstrate activation of bovine transducin.
MATERIALS AND METHODS

Test Plasmids
All constructs were cloned into the vector pMEP4 β (provided by Dr. Mark Tyckocinski, Case Western Reserve University, Cleveland, OH, USA) (9, 11) . The E. coli β -galactosidase ( β -gal) gene was isolated as a 3.47-kb Not I fragment from plasmid pTKβ and cloned into the Not I site of pMEP4 β .
The synthetic bovine rhodopsin gene was isolated from the vector pMT4 as a 1.1-kb Eco RI-Not I fragment and cloned into the corresponding sites of pBluescript ® (Stratagene, La Jolla, CA, USA) (6, 21) . A Not I linker was added at the Eco RV site of pBluescript, and the corresponding Not I fragment was cloned into the Not I site of pMEP4 β .
The cloned hs7 red opsin cDNA, pUC-hs7, was provided by Dr. Jeremy Nathans (17) . The entire cDNA insert was cut out of the clone with Eco RI and was recloned into the Eco RI site of pBluescript. Based on sequence analysis of the pBluescript clones, the 5 ′ end of the cDNA contained a 40-bp insert that was derived from the 3 ′ end of the cDNA. To eliminate the insert, a new 5 ′ end was amplified from the clone. The 5 ′ primer contained a BamHI site followed by 454-472 bp of genomic sequence (numbering based on that in Reference 17), i.e., the end of the primer was 23 bp just 5 ′ to the ATG initiation site. The 3 ′ primer corresponded to bp 1024 to 1040 of the genomic sequence. After cleavage with BamHI, the polymerase chain reaction (PCR) fragment was used to replace the corresponding region of the cDNA clone with the insert. By sequence analysis, the resulting clone, pBS-hs7, was shown to correspond to a bona fide red opsin cDNA. This was used to create other constructs.
To clone a pMEP4 βconstruct, the Not I-Xho I fragment of pBS-hs7 was cloned into the vector pCEP4 (Invitrogen, San Diego, CA, USA). The Kpn IXho I fragment of pCEP4-hs7 was then cloned into the same sites in pMEP4 β .
The 1D4 monoclonal antibody epitope corresponding to the C-terminal region of bovine rhodopsin (ETSQVA-PA) was cloned into the N-terminal or C-terminal positions of the cone opsin molecule in pBS-hs7 by site-directed mutagenesis (Transformer ™ Site-Directed Mutagenesis Kit; CLONTECH Laboratories, Palo Alto, CA, USA). The sequence of the N-terminal mutagenesis primer in the antisense orientation was 5 ′ GCTCCACTGCTGGGCG-GCAGGCGCCACTTGGCTGGTCT-CCATGGCTATGGAAAG3 ′ . The sequence of the C-terminal mutagenesis primer in the antisense orientation was 5 ′ GGAGGCAGACCTCAGGCAGGC -GCCACTTGGCTGGTCTCTGCAG-GCGATACCG3 ′ .
A mutagenesis primer was used to convert a Hin dIII site to a Mlu I site. The sequence of this primer in the antisense orientation was 5 ′ CGACGG-TATCGATACGCGTGATATCGAATT -CC3 ′ . The mutagenized constructs, called pBS-hs7N1D4 and pBShs7C1D4, were cloned as Not I-Xho I fragments into the same restriction sites of pMEP4 β .
Cell Culture, Selection and Induction
293-EBNA cells (Invitrogen) were grown in complete Dulbecco's modified Eagle medium (DMEM) with 2 mM glutamine, 10% fetal bovine serum (FBS) and 250 µ g/mL geneticin (to maintain the EBNA-1 plasmid). Following transfection, the cells were grown in complete DMEM with 2 mM glutamine and 10% FBS. After two days, the cells were grown in the same medium with 250 µ g/mL hygromycin B (ICN Biomedicals, Costa Mesa, CA, USA). For induction, CdCl 2 or ZnSO 4 was added to the medium. The time course for induction was 16 h.
Transfection
Cells actively growing in a T25 flask (Corning Costar, Cambridge, MA, USA) (40%-50% confluent) were transfected in serum-free medium by the addition of 15 µ g DNA and 40 µ L Lipofectin ® (Life Technologies, Gaithersburg, MD, USA). Cells were put onto hygromycin selection at a concentration of 250 µ g/mL 48 h after transfection. Stable cell lines were established 3-4 weeks after transfection. Cells grown to confluence were counted in a hemocytometer.
RNA Analysis
RNA was extracted by acid guanidinium extraction (Stratagene). Northern blot analysis was performed as previously described (5) . The probes included the rhodopsin cDNA 1.1-kb Not I fragment and the hygromycin gene, a Pvu I/ Sca I fragment of pMEP4 β . To detect red opsin RNA, a 1056-bp Hin cII fragment of the green opsin cDNA (bp 1-1056) was used. The probes were labeled by random primer extension with 32 P-dCTP (Random Primers DNA Labeling System; Life Technologies). β β -Gal Assays β -Gal activity was assayed as described previously (2) . Protein concentrations were determined by Bio-Rad Protein Assay (Bio-Rad, Hercules, CA, USA).
Western Blot, Pulse-Labeling and Immunoprecipitation
Total cellular lysates were prepared according to Franke et al. (8) , and 10 µ g of each lysate were analyzed. Opsins were detected by Western blot using a 1:5000 dilution of 1D4, a mouse monoclonal antibody against the C-terminus of bovine rhodopsin (National Cell Culture Repository, Minneapolis, MN, USA), and the EC L ™ chemiluminescence detection system (Amersham, Arlington Heights, IL, USA). Following induction by incubation with 5 µ M CdCl 2 for varying amounts of time, pulse-labeling with 35 S-methionine and immunoprecipitation were performed as described previously, with several modifications (22) . Incubation with the 1D4 antibody was performed overnight. Precipitation by protein G Sepharose ® (Pharmacia Biotech, Piscataway, NJ, USA) was then performed for four hours. After polyacrylamide gel electrophoresis, the gels were fixed in methanol:glacial acetic acid (30:1), rinsed with water, then treated with Fluoro-hance ™(Research Products International, Mt. Prospect, IL, USA). The protein concentration was determined by the Micro BCA Protein Assay (Pierce, Rockford, IL, USA).
Spectra and Transducin Activation
Following induction of the transfected cells with 5 µ M CdCl 2 for 16 h, the opsins were regenerated with 11-cis retinal and purified in dodecyl maltoside detergent buffer using an immunoaffinity column for the 1D4 epitope (8) . The spectra were measured both before and after photobleaching as previously described (4). The wavelength at which maximal absorption occurred was identified from the digital readout of the spectrophotometer (Lambda-19 UV-VIS Spectrophotometer; Perkin-Elmer, Norwalk, CT, USA). Following induction by incubation with 5 µ M CdCl 2 for 16 h, the cells' membranes were isolated by discontinuous density gradient centrifugation and used for analysis of transducin activation by 35 S-GTP exchange as described previously (7).
Immunofluorescence
Following induction by incubation with 5 µ M CdCl 2 for 16 h, cells were prepared for immunocytochemistry as described previously, except that the cells were grown on 1-2 µ g/cm 2 fibronectin (22 was 1D4 or a mixture of RIC6 and RIIL3, rabbit polyclonal antibodies that are specific to ribophorin I and ribophorin II, respectively, in the endoplasmic reticulum. The secondary antibodies were fluorescein anti-mouse or Texas Red ® anti-rabbit IgG (Vector Laboratories, Burlingame, CA, USA).
RESULTS
Optimal Induction of pMEP4 β β Constructs
Stable cell lines containing pMEP4 β -β -gal were generated, and the β -gal assay was used to determine optimal concentrations of heavy metals for induction (Figure 1) . On a molar basis, the β -gal activity was higher when the gene was induced by CdCl 2 , rather than by ZnSO 4 (not shown). The peak activity was observed for 5 µ M CdCl 2 over 16 h. These conditions were used in the subsequent experiments.
Inducible Expression of Rhodopsin and Cone Opsins in Cultured Cells
Cell lines that contained the constructs pMEP4 β -rho and pMEP4 β -hs7, expressing rhodopsin and red opsin, respectively, were induced for 16 h with 5 µ M CdCl 2 . Inducible expression of rhodopsin, but not red opsin, was demonstrated by Western blot analysis using 1D4, a mouse monoclonal antibody directed against the epitope for the C terminus of rhodopsin (not shown).
To provide a means of detection, the red opsin cDNA was tagged in either the N-terminal or C-terminal position with the epitope for the C terminus of rhodopsin. Inducible expression of rhodopsin and the tagged cone opsin mRNA was demonstrated by Northern blot analysis (Figure 2 ). The induction of expression was shown to be stringent. No RNA was detected from the uninduced pMEP4 β -rho cell line, despite expression of the hygromycin gene from the same plasmid (Figure 2) , or from the uninduced pMEP4 β -hs7C1D4 cell line (results not shown). Expression of the C-terminally tagged, but not the N-terminally tagged, cone opsin polypeptides was observed in induced cells by Western blot analysis and by immunoprecipitation using the monoclonal antibody 1D4 (Figure 3 , results not shown in the N-tagged case). To identify the optimal conditions for labeling the cone opsin protein, pulse times and induction times were varied. For a 16-h induction, the cells were pulsed with 35 S-methionine either for 16 h or for 30 min. Specific labeling was observed after 30 min. Labeling cells for a longer period of time increased the background without increasing the sensitivity of the immunoprecipitation assay (data not shown). Induction times of 1, 3 or 5 h were followed by a 30-min pulse. Labeling was observed for all of these conditions, with intensity increasing for longer times (Figure 3 ). Color Photo -For position only and the differences were calculated (Figure 4 ). For rhodopsin, the maximal absorption was at 500 nm. For red opsin, the maximal absorption was at 560 nm ( Figure 4) . These experiments confirmed that the spectral sensitivity was not affected by tagging in the Cterminal position, as previously described (20) . The absorption of light at 560 nm ( A 560 units) in our experiments for the red opsin was comparable to that observed in another study (Figure 3 in Reference 20) . For our studies, approximately 4.8 ×10 7 293-EBNA cells were used to purify the protein, and one quarter of the purified protein was used for spectral analysis. In the other study (20) , approximately 2 × 10 8 COS cells were used for purification. Hence, the efficiency of expression in our stable transfection system was 16 times greater than in the transient transfection system.
Rhodopsin and Cone Opsins Expressed in Transfected Cells
Rhodopsin and Cone Opsins Expressed in Transfected Cells Activate Bovine Transducin
Following induction of the transfected cells, membrane preparations were made by discontinuous gradient centrifugation, following regeneration with 11-cis retinal. Membrane preparations from cells transfected with either tagged or untagged red opsins activated bovine transducin at levels that were indistinguishable from bovine rhodopsin, as judged by the 35 S-GTP binding assay. Induced cells carrying only the pMEP4 βvector did not activate transducin ( Figure 5 ).
Immunofluorescence Analysis of the Opsin Polypeptide
High levels of fluorescence with identical patterns were observed in all induced cells expressing rhodopsin and C-terminally tagged red opsin polypeptides ( Figure 6 ). No fluorescence was observed in cells containing N-terminally tagged constructs nor in the uninduced cells (data not shown). The pattern of fluorescence was different from that obtained using RIC6 and RIIL3, rabbit polyclonal antibodies to the proteins ribophorin I and II, which are found in the endoplasmic reticulum. These experiments suggest that specific targeting of the cone opsins to the cell membrane occurs following induction.
DISCUSSION
The pMEP4 β vector is a stringently controlled expression system that is dependent on the concentration of the inducing agent. Maximal induction occurs at a concentration of 5 µ M CdCl 2 . At this concentration, the level of induction is at least 30-fold above background. Because stable transfectants were permanently maintained under hygromycin selection, all of the cells express the construct that has been cloned into the plasmid.
The utility of the pMEP4 βsystem can be increased by cloning in the Cterminal tag for bovine rhodopsin (20) . In rhodopsin, this sequence is found in the cytoplasm and thus may be used for detecting either membrane-bound or cytoplasmic proteins. A specific monoclonal antibody to this sequence, 1D4, can be used for several different applications, including Western blot analysis, immunoprecipitation, immunofluorescence and immunoaffinity chromatography. This epitope/monoclonal antibody system is comparable to synthetic tagging systems, such as FLAG (3) .
When the pMEP4 β vector system is used to express the human red cone opsin, the polypeptide is expressed at high levels (16-fold greater than in transient transfection systems), targeted to the cell membrane and properly folded so that it interacts with the chromophore in a manner that has been predicted from psychophysical studies and from expression of the recombinant protei n from transiently transfected COS and A293 cells (1,13,14,18 -20) . It therefore provides a means for studying the biochemistry and cell biology of the human cone opsins and for analysis of the phenotypic effects of naturally occurring variants on human color vision with greater sensitivity than was possible previously.
